To better understand seed germination, a complex developmental process, we developed a proteome analysis of the model plant Arabidopsis for which complete genome sequence is now available. Among about 1,300 total seed proteins resolved in two-dimensional gels, changes in the abundance (up-and down-regulation) of 74 proteins were observed during germination sensu stricto (i.e. prior to radicle emergence) and the radicle protrusion step. This approach was also used to analyze protein changes occurring during industrial seed pretreatments such as priming that accelerate seed germination and improve seedling uniformity. Several proteins were identified by matrix-assisted laser-desorption ionization time of flight mass spectrometry. Some of them had previously been shown to play a role during germination and/or priming in several plant species, a finding that underlines the usefulness of using Arabidopsis as a model system for molecular analysis of seed quality. Furthermore, the present study, carried out at the protein level, validates previous results obtained at the level of gene expression (e.g. from quantitation of differentially expressed mRNAs or analyses of promoter/reporter constructs). Finally, this approach revealed new proteins associated with the different phases of seed germination and priming. Some of them are involved either in the imbibition process of the seeds (such as an actin isoform or a WD-40 repeat protein) or in the seed dehydration process (e.g. cytosolic glyceraldehyde-3-phosphate dehydrogenase). These facts highlight the power of proteomics to unravel specific features of complex developmental processes such as germination and to detect protein markers that can be used to characterize seed vigor of commercial seed lots and to develop and monitor priming treatments.
The new plant formed by sexual reproduction starts as an embryo within the developing seed, which arises from the ovule. Desiccation is the final phase of maturation for most seeds growing in temperate climates, enabling them to survive for many years. Therefore, the seed occupies a central position in the higher plant life cycle. Dry mature seeds are resting organs, having low moisture content (5%-15%) with metabolic activity almost at a standstill. For germination to occur, they need to be hydrated under conditions that encourage metabolism, e.g. a suitable temperature and the presence of oxygen. This water uptake is triphasic, including an initial rapid period (phase I), followed by a plateau phase with little change in water content (phase II), and a subsequent increase in water content coincident with radicle emergence and resumption of growth (phase III). Germination sensu stricto refers to phases I and II of this process, during which imbibed seeds maintain their desiccation tolerance (Bradford, 1990; Bewley and Black, 1994; Bewley, 1997) .
From a biochemical and molecular point of view, studying germination is difficult because a population of seeds does not complete the process synchronously (Still et al., 1997) . Priming treatments (i.e. pregermination treatments) are used to synchronize the germination of individual seeds (Heydecker et al., 1973) . They initiate germination-related processes, but prevent emergence of the radicle and are followed by a drying for storage and marketing of the treated seeds. Seed priming generally causes faster germination and faster field emergence, which have practical agronomic implications, notably under adverse germination conditions (McDonald, 2000) . Optimization of such treatments actually rests on carrying out subsequent germination assays, which only provide retrospective indications of the effectiveness of the priming conditions. Therefore, there is strong interest in identifying molecular markers of germination and/or priming for use by the seed industry (Job et al., 2000) . The few processes already described to play a role during seed priming include cell cycle-related events (De Castro et al., 2000) , endosperm weakening by hydrolase activities (Groot et al., 1988; Bradford et al., 2000) , and mobilization of storage proteins (Job et al., 1997).
Germination sensu stricto consists of many processes; some can be completed, whereas others may have just been started, notably during priming. Proteomics and cDNA microarray technology may prove valuable by providing simultaneous information over a multitude of processes (Cahill et al., 2001) . Arabidopsis contains the smallest plant genome (120 Mb) of which sequencing is now completed (The Arabidopsis Genome Initiative, 2000) and is, therefore, the model for studying plant genetics. In the present study, we developed a proteome analysis of seed germination and priming using this model plant. Improvements in two-dimensional (2-D) gel electrophoresis techniques now offer highly reproducible resolution for protein separation. Moreover, the recent advances in mass spectrometry permit analysis of low amounts of proteins separated in 2-D gels. The long-term objective of this work is to provide reference maps of seed proteins to focus on the effects of environmental changes and developmental stages during seed maturation, desiccation, and germination. Such an approach already proved successful to investigate differential protein expression in Arabidopsis upon environmental changes or mutations (Meurs et al., 1992; Leymarie et al., 1996; Santoni et al., 1997 Santoni et al., , 1998 Santoni et al., , 1999 ; for review, see Jacobs et al., 2000) .
RESULTS

Preparation of Seed Samples
Under optimal conditions (25°C), dry mature Arabidopsis seeds started to germinate at 1.6 d of imbibition and it took almost 2.2 d for 50% of the seeds to germinate (Table I) . Dry mature seeds were treated using either a hydro-or an osmopriming treatment. Both methods showed significant advancement in start of germination and reduced substantially the time to reach 50% of germination (Table I) .
Proteome Analyses
Proteins were extracted from the various seed samples (dry mature seeds, 1-d-and 2-d-imbibed seeds, and hydroprimed and osmoprimed seeds) and analyzed by 2-D gel electrophoresis as described in "Materials and Methods." A systematic comparison of 2-D gels for the various total protein extracts (examples are shown in Fig. 1 ) allowed classifying seed proteins from their specific accumulation patterns according to the following types (see Tables II, III , and IV; Fig. 2 ). The type-0 proteins corresponded to proteins present in dry mature seeds and whose abundance remained constant throughout the germination process (i.e. up to 2 d of imbibition). Most proteins from the dry mature state belong to this group: there were 1,251 type-0 proteins (Table II) out of 1,272 proteins in 2-D gels from the dry mature seeds. Type-1 and -2 (Table II) corresponded to proteins whose abundance varied (up-and downregulation, respectively) during germination sensu stricto (i.e. prior to radicle emergence). Type-3 and -4 proteins (Table II) showed an accumulation pattern characteristic of the radicle emergence step. Type-5 proteins (Table III) were mostly detected in the imbibed seeds; their abundance was very low in dry mature seeds, increased in the 1-d imbibed seeds, and decreased upon drying these seeds back to the original moisture content of the mature dry seeds. Therefore, the type-5 proteins are characteristic of the imbibed state of the seed tissues. The type-6 proteins (Table III) conversely corresponded to proteins present in the dry mature seeds, whose abundance first strongly decreased following 1-d imbibition and then re-increased up to about the same level as in mature dry seeds upon subsequent drying. Therefore, these type-6 proteins are associated specifically with the desiccated state of the seeds. For the primed samples (see Table IV ), type-9 and -10 proteins can be considered as being osmopriming specific, whereas type-11 and -12 proteins are hydropriming specific. Finally, type-7 and -8 proteins corresponded to intrinsic priming markers because these proteins exhibited the same accumulation pattern during both hydro-and osmopriming treatments.
The protein maps produced in triplicate from two independent protein extractions showed a high level of reproducibility (for examples of protein spot quantitation, see Fig. 2 ). Some of the protein spots resolved by 2-D gel electrophoresis were excised from gels, digested with trypsin, and analyzed by matrixassisted laser-desorption ionization time of flight (MALDI-TOF) mass spectrometry (Tables V-IX) . These spots were chosen because they were well resolved when visualized after Coomassie or silver staining and included abundant proteins within the different protein types listed in Tables II through IV.  Water-soluble proteins identified by MALDI-TOF  analysis are also listed in Table V . Randomly chosen proteins (type-3 protein no. 67 in Table VII,  type-5 proteins nos. 24 and 41 in Table VIII , and type-0 protein no. 102 in Table V) were submitted to sequencing by the PSD approach. There was excellent agreement between the MALDI-TOF and PSD data. The study was extended to the analysis of Arabidopsis seed proteome after 3 d of germination corresponding to phase III of the developmental process, by which nearly 100% of the seeds had completed germination (Table I) . A dramatic modification of the protein pattern was observed (Fig. 1 ). There were too many spot changes to reference them all.
DISCUSSION
Seed germination is a key developmental process in the plant life cycle. Upon imbibition, embryonic cells switch from quiescence to highly active metabolism. In the present study, we initiated a broad proteomic analysis of the germination process using the model plant Arabidopsis, which is well defined genetically. Our general aim is to identify characteristic proteins of the various developmental phases, which will help understanding the biochemical and molecular processes underlying germination. In addition, these specific proteins might help characterizing germination vigor and optimizing industrial germination enhancement treatments.
For the dry mature seeds, there were about 1,300 proteins isolated in reproducible 2-D gels (Fig. 1) . Most of them corresponded to type-0 proteins, whose abundance did not change significantly during germination. This suggests an important function for these proteins, at least up to radicle emergence (e.g. storage proteins and enzymes involved in storage lipid mobilization or in protein metabolism; see Table V) . The results will be discussed in the following text. 11-12S Globulins are abundant seed storage proteins, being widely distributed among higher plants. They are synthesized during seed maturation on the mother plant in a precursor form consisting of a single protein chain of about 60 kD. At later stages, the precursor form is cleaved, yielding the mature globulins generally found in dry mature seeds. These are composed of six subunit pairs that interact noncovalently, each of which consists of an acidic ␣-subunit of M r Ϸ 40,000 and a basic ␤-subunit of M r Ϸ 20,000 covalently joined by a single disulfide group. These storage proteins are subsequently broken down during germination and used by the germinating seedling as an initial food source (Bewley and Black, 1994; Shewry et al., 1995) . Contrasting with these well-accepted findings, dry mature Arabidopsis seeds were found to contain three forms of 12S globulins (cruciferins): (a) residual precursor forms (type-4 proteins nos. 69, 71, and 110 [Table VII and Fig. 2] ), (b) ␣-and ␤-subunits (type-0 proteins nos. 83, 84, 85, 86, 87, and 98 in Table V ). The presence of some residual precursor forms in the dry mature Arabidopsis seeds was unexpected (Bewley and Black, 1994) . A possible explanation could be that the maturation process giving rise to the formation of the ␣-and ␤-chains was not fully completed when developing seeds entered into quiescence. Another unexpected finding was to recover ␤-subunits (type-0 proteins nos. 86 and 87) and two fragments deriving from ␣-chains (type-0 proteins nos. 80 and 134) in the water-soluble protein fraction from the dry mature Arabidopsis seeds (Table V). Because by definition globulins are not soluble in water (Bewley and Black, 1994; Shewry and Casey, 1999) , this behavior presumably reflects an early mobilization of the cruciferins during the maturation phase. This suggests that the anabolic processes that occur before germination and the catabolic processes that normally occur during germination are not fully separated developmentally in Arabidopsis. An examination of the data in Table V suggests that this initial mobilization of the cruciferins preferentially begins with proteolysis of the ␣-chains (type-0 proteins). This hypothesis is consistent with the hypothetical model of the 11S globulin subunits structure derived from the consensus structure model for 7S globulin subunits (Lawrence et al., 1994) . It is also consistent with the determination of cleavage sites under limited trypsinolysis of 11S globulins, all of these sites being located within the ␣-chains (Mü ntz et al., 1999) . Likewise, during germination sensu stricto fragments of ␣-and ␤-chains (type-1 proteins nos. 12, 32, 76, and 89 in Table VI) were released. Furthermore, during the radicle emergence step a 12S ␤-subunit was completely degraded (type-4 protein no. 25 in Table VII ). Thus, once initiated at the level of ␣-subunits, mobilization of cruciferins continues during germination at the level of the ␤-subunits, indicating that the initial proteolysis of ␣-chains increased the sensitivity of ␤-chains toward further proteolytic attacks.
Triacylglycerols are the major storage lipids in seeds (Bewley and Black, 1994; Miquel and Browse, 1995) . In the present work, several enzymes playing a role in their catabolism were identified, including phosphoenolpyruvate carboxykinase (type-1 protein no. 17, Table VI), catalase (type-1 protein no. 23, Table   Table III . Synopsis of protein types observed during imbibition drying Imbibition-specific proteins correspond to proteins whose level increased during 1-d imbibition of the dry mature seeds and then decreased upon subsequent drying. Desiccation-specific proteins correspond to proteins present in the dry mature seeds and whose level decreased during 1-d imbibition, then re-increased upon subsequent drying. The no. of proteins in each type detected on 2-D gels and identified by MALDI-TOF analysis is indicated. Table  V) , and citrate synthase (type-0 protein no. 145, Table  V) . As has been shown previously (Comai et al., 1989; Turley and Trelease, 1990; Bewley and Black, 1994) , some of them were already detected from the dry mature stage, whereas others accumulated during later stages of seed germination, before radicle emergence, or following this event. Such a progressive buildup of the pathway is presumably required for proper timing of storage lipid mobilization. More studies are needed to dissect the regulatory elements involved in this differential accumulation.
Germination Sensu Stricto (Includes Type-1, -2, -5, -6, -7, and -11)
By the 1st d of germination, corresponding to germination sensu stricto (i.e. none of the seeds germinated during this period; Table I ), the abundance of 39 proteins varied (up-and down-regulation), belonging to the type-1 and-2 proteins described in Table II . Because about 1,300 proteins could be isolated in reproducible 2-D gels from the dry mature seeds, it appears that early phases of the germination process are associated only with modifications in the abundance of a limited number of proteins. This suggests either that resumption of metabolic activity during germination relies mainly upon proteins that are synthesized de novo but remain undetectable by the present technique or upon proteins that are stored during seed maturation on the mother plant. These type-1 and -2 proteins (Table II) had different behaviors upon submitting the 1-d imbibed seeds to a desiccation step, back to the original moisture content of the dry mature seeds. In one case, the accumulation patterns were maintained, indicating that these proteins could be considered as priming markers; if this occurred, these proteins were listed in Table IX . In the other case, the accumulation profiles were not maintained, but resembled those observed from the dry mature seeds: Here, the type-1 and -2 proteins were considered to represent specific proteins for the imbibed or desiccated state of the seeds. Therefore, they were referred as imbibitiondesiccation proteins and are listed in Table VIII . The nature of these proteins is discussed in more detail below. These proteins, whose level vary globally during germination sensu stricto, correlate with initial events in the mobilization of protein and lipid reserves and the resumption of cell cycle activity (Table VI) .
Radicle Emergence (Type-3 and -4)
Among the proteins associated with later stages of germination, a myrosinase (type-3 protein no. 67 in Table VII ) was identified. This enzyme, whose activ- ity was found highest in seeds and seedlings (Bones, 1990) , catalyzes the hydrolysis of glucosinolates, a group of sulfur-containing glycosides. This occurs when plant tissue is damaged; for example, by herbivory. Although intact glucosinolates are relatively nontoxic, their breakdown products have important biological effects, as for the goitrogenic species that perturb thyroid function or the very reactive isothiocyanates that present antibacterial and antifungal properties (Rask et al., 2000) . It has been reported Table V . Arabidopsis polypeptides whose abundance remained constant during germination
The Arabidopsis polypeptides whose abundance remained constant during germination are defined as type-0 proteins in Table II . Cov., Coverage; Exp., experimental; Theo., theoretical. In some cases, although MALDI-TOF analysis unambiguously identified polypeptides as to corresponding to 12S cruciferin subunits, there was disagreement between experimental and theoretical M r and pI values. The possibility that the identified polypeptides corresponded to proteolytic fragments of the cruciferin subunits was assessed by removing amino acids sequentially at http//:www.expasy.ch/tools/peptide-mass.html, either from the N-or C-terminal portion of the subunit sequence. a A good fit was obtained by removing eight amino acids from the C-terminal sequences and 11 amino acids from the N-terminal sequences.
b Some of these fragments were found present in the water-soluble protein extract. c Cruciferin subunits for which theoretical M r and pI values did not match the experimental values, even after amino acid removal.
d A good fit was obtained by removing 27 amino acids from the C-terminal sequences.
e A good fit was obtained by removing 28 amino acids from the C-terminal sequences and 13 amino acids from the N-terminal sequences.
f A good fit was obtained by removing three amino acids from the C-terminal sequences and four amino acids from the N-terminal sequences.
g A good fit was obtained by removing 18 amino acids from the N-terminal sequences. h Protein that was identified by both MALDI-TOF and PSD analyses.
that the level of total glucosinolates strongly decreases during germination and the early stages of plant development (Clossais-Besnard and Larher, 1991) . Altogether, the data reinforce the finding that myrosinase accumulates in high quantity by the end of the germination process to hydrolyze glucosinolates, as a defense mechanism to protect the future seedling against herbivores and pathogens. Myrosinases have been shown to associate with other proteins, including myrosinase-binding proteins, presumably to regulate hydrolysis of glucosinolates (Rask et al., 2000) . Consistent with this view, the abundance of two jasmonate-inducible myrosinasebinding proteins (type-3 proteins nos. 58 and 66, Table VII) strongly increased at the radicle emergence step.
Another type-3 protein associated with radicle protrusion, number 49 in Table VII , corresponded to S-adenosyl-Met synthetase (Ado-Met synthetase) that catalyzes the formation of S-adenosyl-Met (AdoMet) from Met and ATP. Besides its well-known role as a methyl donor in a myriad of transmethylation reactions, Ado-Met is involved in several reactions that are essential for plant growth and development, such as the biosynthesis of ethylene, spermidine, spermine, and biotin (Ravanel et al., 1998) . Owing to these housekeeping functions, this enzyme is presumably required for germination. Furthermore, its absence in the dry mature seeds helps to understand how embryonic cells can repress their metabolic activity to maintain quiescence. It is interesting that in germinating wheat embryos, Ado-Met synthetase is synthesized from the pool of stored mRNAs (Mathur et al., 1991) , the quality of which is an important factor of seed vigor (Osborne, 1980) . Several water stress-related proteins were also identified, including LEA proteins and heat shock proteins (HSPs). LEA proteins accumulate late during embryogenesis, coincident with acquisition of desiccation tolerance of the developing seeds, and disappear during germination. They are presumed to be involved in binding or replacement of water, in sequestering ions that will accumulate under dehydration conditions, or in maintaining protein and membrane structure (Dure, 1993; Cuming, 1999) . HSPs participate in diverse cellular processes by acting as molecular chaperones (Hong and Vierling, 2000) . They are also described as being developmentally regulated, being abundant in dry mature seeds, and disappearing during germination (Wehmeyer et al., 1996) . In agreement with these findings, the level of two LEAs (type-4 proteins nos. 11 and 56, Table  VII ) and of the HSP70 (type-4 protein no. 45, Table VII) decreased by the end of the germination process. Also, the type-10 protein number 1 (Table IX) , whose level specifically decreased during osmopriming, was identified as a luminal-binding protein (BiP), a widely distributed and highly conserved group of proteins belonging to the HSP70 family (Munro and Pelham, 1987 ; Kalinski et al., 1995; Cascardo et al., 
2000
). Yet, the abundance of two LEAs (type-0 proteins nos. 94 and 102, Table V) and of the HSP70 cognate (type-0 protein no. 136, Table V) remained constant throughout the germination process. This suggests that some of the LEAs and HSPs may afford a protective function, not only during seed maturation, but also throughout germination. Such behavior was already observed during pea (Pisum sativum) seed germination (DeRocher and Vierling, 1995) .
A putative seed maturation protein (SMP; type-4 protein no. 61 in Table VII ) was present in dry mature seeds and disappeared by the 2nd d of germination. It showed high sequence homology with an SMP from soybean (Glycine max) (Hsing et al., 1998 ) and a pea protein called SBP65 (for seed biotinylated protein of 65 kD; Duval et al., 1994b). The two latter proteins exhibit a very peculiar biochemical feature in that they are biotinylated at a specific Lys residue Fig. 2 ): normalized spot volume in the 2-d imbibed seeds (Fig. 1C ) divided by the normalized spot volume in the 1-d imbibed seeds (Fig. 1B ) Ϯ SD; Ͼ200 means that the accumulation level of the corresponding protein in the 1-d imbibed seeds was close to background; Ͻ0.005 means that the accumulation level of the corresponding protein in the 2-d imbibed seeds was close to background.
b Protein identified by both MALDI-TOF and PSD analyses. Table VIII . Arabidopsis polypeptides whose abundance specifically varied during imbibition drying Type-5 (imbibition-specific proteins), proteins whose accumulation level specifically increased during 1-d imbibition and decreased upon subsequent drying; type-6 (desiccation-specific proteins), proteins that were present in the dry mature seeds and whose level decreased during 1-d imbibition, then re-increased upon subsequent drying. Cov., Coverage; Exp., experimental; Theo., theoretical. Fig. 2 ): normalized spot volume in the 1-d imbibed seeds (Fig. 1B ) divided by the normalized spot volume in the dry mature seeds (Fig. 1A ) Ϯ SD; Ͼ200 means that the accumulation level of the corresponding protein in the dry mature seeds was close to background.
b Also PSD, proteins that were identified by both MALDI-TOF and PSD analyses.
c Theoretical M r and pI values matched the experimental values by removing 66 amino acids from the C-terminal sequences and 13 amino acids from the N-terminal sequences.
d Theoretical M r and pI values matched the experimental values by removing 16 amino acids from the C-terminal sequences.
e Theoretical M r and pI values matched the experimental values by removing 88 acids from the C-terminal sequences and 13 amino acids from the N-terminal sequences.
within the atypical tetrapeptide sequence VGKF (Duval et al., 1994a ; for review, see Alban et al., 2000) . Sequence analysis disclosed that the Arabidopsis protein number 61 does contain this conserved tetrapeptide sequence, strongly suggesting that it might be biotinylated in vivo. Biotin is a vitamin required by all forms of life, being the cofactor of several housekeeping carboxylases (Patton et al., 1998; Alban et al., 2000) . Because soybean SMP (Hsing et al., 1998) and pea SBP65 (Duval et al., 1994b) exhibit strictly seed-specific accumulation patterns and do not exhibit any known biotin-dependent enzyme activity, it has been proposed that they may play a role in sequestering biotin late in embryogenesis for subsequent use during germination (Alban et al., 2000) . The present data suggest that such a role could be extended to the Arabidopsis homologue of the soybean and pea proteins.
Finally, the chloroplast translation elongation factor EF-Tu (type-3 protein no. 50 in Table VII ) was found to specifically accumulate at the radicle emergence stage. EF-Tu is encoded by a nuclear gene in a precursor form containing an N-terminal transit peptide for plastid localization (Baldauf and Palmer, 1990) . The protein identified in our study corresponds to the mature, functional, form of EF-Tu because experimental M r and pI values indicated that it was devoid of the transit peptide sequence. It is interesting that three cytosolic translation factors, numbers 105, 127, and 129, were already present from the dry mature stage (type-0 proteins in Table  V) . Our results are in general agreement with those of Harrak et al. (1995) showing that the plastid translational apparatus is established early during plant development, presumably to allow the buildup of the photosynthetic system of which several components are encoded by plastid genes.
Imbibition (Type-5) and Desiccation (Type-6)
As pointed out by Kermode (1990 Kermode ( , 1995 , desiccation tolerance of seeds is a complex multifactorial trait involving a multitude of genes whose expression ultimately leads to mechanisms of both cellular protection, to sustain limited changes during drying itself, and cellular repair, to reverse any desiccationinduced changes when the appropriate hydrated conditions are reestablished. To better understand the mechanisms involved in adaptation/tolerance of seeds to water stress, we looked at changes in 2-D protein patterns that occurred in dry mature seeds upon 1-d imbibition and following subsequent drying of the imbibed seeds back to the original water content of the dry mature seeds. This comparative analysis led to the identification of two types of proteins. One corresponded to imbibition-associated polypeptides, whose levels increased during the 1-d imbibition and then decreased during subsequent drying. These proteins are referred as type-5 proteins in Table III . The other corresponded to desiccationassociated polypeptides, whose level decreased during the 1-d imbibition and then re-increased during subsequent drying. These proteins are referred as type-6 proteins in Table III .
Among the 19 imbibition-associated proteins of type-5, seven proteins, corresponding to the most abundant proteins within this type, were identified by MALDI-TOF analysis (see Table VIII ). The imbibition-associated type-5 protein 24 (Fig. 2) was identified as actin 7 (ACT 7). Actin is a fundamental component of the cytoskeleton that participates in a number of cellular processes, such as cytoplasmic streaming, cell division, cell elongation, tip growth, nuclear positioning, and establishment of cell polarity (Kost et al., 1999) . The Arabidopsis actin gene Table IX . Arabidopsis polypeptides whose abundance specifically varied during priming Type-7 proteins, proteins whose level specifically increased during both hydropriming (HP) and osmopriming (OP); type-9 and type-10 proteins, proteins whose level specifically increased or decreased during osmopriming, respectively; type-11 proteins, proteins whose level specifically increased during hydropriming. Cov., Coverage; Exp., experimental; Rel Abund, relative abundance; Theo., theoretical. Fig. 2 ): normalized spot volume in the primed seeds divided by the normalized spot volume in the dry mature seeds Ϯ SD.
b Theoretical M r and pI values matched the experimental values by removing 15 amino acids from the C-terminal sequences.
c Theoretical M r and pI values matched the experimental values by removing 14 amino acids from the C-terminal sequences.
family comprises 10 members that are differentially expressed during development (McDowell et al., 1996) . In particular, ACT7 is the only active actin gene in the hypocotyl and seed coat, suggesting that ACT7 is the sole source of actin for all actin-based processes in these tissues. In addition, the ACT7 promoter linked to a reporter gene showed strong expression in germinating seeds, which led McDowell et al. (1996) to propose that ACT7 expression is required for germination and/or hypocotyl growth. Our data, established at the protein level, are in perfect agreement with this proposal. Also, Santoni et al. (1994) reported that an actin isoform might have a role in the elongation process because the expression of this protein was consistently correlated with the hypocotyl elongation process.
The imbibition-associated protein 41 (type-5 protein in Table VIII ) was found to belong to the large family of WD-40 repeat proteins that contain a structurally repetitive segment of 40 amino acid residues usually ending with the sequence Trp-Asp (Neer et al., 1994) . It is interesting that this protein exhibits very high identity (Ͼ80%) with members of the receptor of activated C kinase subfamily, notably the protein encoded by the alfalfa Msgbl gene (McKhann et al., 1997) . These proteins have a function in signal transduction and hormone-controlled plant cell division (McKhann et al., 1997) . Because one of the specific features of early germination is the resumption of cell cycle activity (Georgieva et al., 1994; De Castro et al., 2000) , it is tempting to propose that the WD-40 protein number 41 is somehow involved in this process. Furthermore, because its accumulation level was strongly and reversibly affected by the hydration status of the seeds, it also provides a good candidate to define the cascade emanating from imbibition and leading to resumption of cell cycle activity during germination. To our knowledge, this is the first evidence for accumulation of such a protein in the germination process.
It is remarkable that all protein changes associated with the desiccated state of seeds corresponded to proteins already present in the dry mature seeds. Their abundance readily diminished during imbibition and then re-increased during drying, up to about the same level as in the dry mature seeds (type-6 proteins, Table III ). Thus, dehydration stress induces specific and reversible protein changes in seeds. In the present work, one of the three detected desiccation-specific type-6 proteins (no. 37, Table  VIII and Fig. 2 ) was identified as cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDHc). A previous study reported that dehydration strongly increases the GAPDHc protein level in leaves and callus tissue of the resurrection plant Craterostigma plantagineum that can withstand very severe desiccation (Velasco et al., 1994) . The induction of GAPDHc during desiccation apparently is a conserved feature among different tissues and organs in plants. Other environmental stress conditions have been reported to induce increased levels of GAPDHc, not only in plants but also in animals. For example, this occurs during heat shock in Arabidopsis plants (Yang et al., 1993) and Xenopus laevis embryos (Nickells and Browder, 1988) and during anaerobic stress in maize (Zea mays; Chang et al., 2000) , rice (Oryza sativa; Ricard et al., 1989 ), soybean (Russell et al., 1990 , and Arabidopsis (Yang et al., 1993) plants. Leprince and Hoekstra (1998) reported that dehydration strongly increases the cytoplasmic viscosity of cowpea cotyledons, thereby impeding oxygen diffusion through the tissues and imposing anoxic stress conditions. Thus, a common feature of heat shock and anaerobic stresses might be oxygen deprivation, which could be the signal responsible for the observed increased level of GAPDHc during both types of stresses. In addition to catalyzing a reaction in glycolysis and gluconeogenesis, GAPDHc has also been shown to exhibit protein kinase activity, to bind RNA, and to enhance ribozyme and phosphotransferase activities (Chang et al., 2000 , and references therein). We do not know yet which of the multiple activities of GAPDHc plays a role during dehydration stress. An elucidation of the multifaceted properties of such proteins synthesized during dehydration will help in understanding the mechanisms of desiccation tolerance in living cells.
Priming (Includes Type-7, -9, -10, and -11)
Priming of seeds has been shown to have beneficial effects on the germination and emergence of many species (Bradford, 1986) . Therefore, the characterization of specific protein markers for improvement of seed quality is both of academic and economical interest. In the present study, we wished to exploit Arabidopsis as a model system for molecular characterization of seed priming. Based on the techniques currently used for a number of commercial crops (McDonald, 2000) , we developed two priming treatments for Arabidopsis seeds: a hydro-and an osmopriming treatment. Hydropriming consists in soaking seeds in water and redrying them before they complete germination. Osmopriming is the process of soaking seeds in osmotica of low water potential to control the amount of water they imbibe. Both treatments improved Arabidopsis seed performance (Table I) .
Three priming-associated polypeptides, whose abundance increased during both hydro-and osmopriming treatments, were detected and referred as type-7 proteins in Table IV . Two of these intrinsic priming proteins, numbers 12 and 89 (type-7 in Table IX) , were identified as degradation products of 12S-cruciferin ␤-subunits. The same behavior has been observed during priming of sugar beet seeds (Job et al., 1997) . This highlights the similarity, concerning storage protein mobilization during priming, between seeds from different plant families.
Tubulin subunits were found to accumulate during priming. This was the case for both ␣-(type-11 protein no. 6 in Table IX; Fig. 2 ) and ␤-(type-7 protein no. 4 in Table IX) chains. Such an accumulation of ␤-tubulin during priming has repeatedly been observed in many species, in relation with reactivation of cell cycle activity (see De Castro et al., 2000) . In contrast, ␣-tubulin accumulation during priming has never been reported before.
A hydropriming-specific protein was identified as a catalase isoform (type-11 protein no. 23 in Table IX ; Fig. 2 ). Its abundance increased during hydropriming and continued to increase at the radicle emergence stage. This observation is in agreement with the results of Gidrol et al. (1994) showing an accumulation of peroxidase activities, including catalase, during soybean seed germination. It is presumed that hydropriming initiates an oxidative stress, which generates reactive oxygen species, and therefore catalase must be present to minimize cell damage.
The abundance of low-M r HSPs (LMW HSPs), of 17.4 kD (type-9 protein no. 8) and of 17.7 kD (type-9 protein no. 9; see Table IX ) was found to specifically increase in osmoprimed seeds. Because LMW HSPs have molecular chaperone activity (Lee et al., 1995) , these data suggest that LMW HSPs act by maintaining the proper folding of other proteins during the incomplete hydration resulting from soaking of the seeds in the polyethylene glycol (PEG) solution. In contrast, in the absence of osmotic stress LMW HSPs decline quickly during germination (Wehmeyer and Vierling, 2000, and references therein). In agreement with our data, the abundance of LMW HSPs was also observed to increase during osmopriming of soybean and maize seeds (Czarnecka et al., 1984; Heikkila et al., 1984) . The detection of such proteins also confirms that water stress generated by high osmotic potential induces specific changes in protein synthesis (Davison and Bray, 1991; Jin et al., 2000) .
CONCLUSIONS
In conclusion, our results reinforce recent findings (Chang et al., 2000; Jacobs et al., 2000; Peltier et al., 2000; Thiellement et al., 2001 ) that proteomic approaches can be successfully applied globally to investigate protein expression patterns in plants, even when working with rather limited amounts of material as in the case of Arabidopsis seeds. Most proteins resolved in 2-D gels gave high quality MALDI-TOF spectra, and most of these spectra allowed identification. Some of the presently identified proteins had previously been shown to play a role during germination and/or priming in several plant species, a finding that underlines the usefulness of using Arabidopsis as a model system. Furthermore, the present approach revealed new proteins associated with the imbibed state of the seeds (such as an actin isoform or a WD-40 repeat protein) or with the dehydrated state of the seeds (e.g. GAPDHc). Because Arabidopsis is amenable to reverse genetics, the role of these proteins during the germination process can be further assessed.
MATERIALS AND METHODS
Germination Experiments
Nondormant seeds of Arabidopsis, ecotype Landsberg erecta, were used in all experiments. Germination assays were carried out on three replicates of 50 seeds. Seeds were incubated at 25°C, with 8-h light daily, on two sheets of absorbent paper wetted with 4.5 mL of distilled water in covered plastic boxes. A seed was regarded as germinated when the radicle protruded through the seed coat.
Priming Treatments
Hydroprimed seeds were prepared by incubating dry mature seeds on wetted paper, for 1 d at 25°C, as described above for the germination experiments. Then, treated seeds were redried at room temperature. Osmoprimed seeds were prepared by incubating dry mature seeds in the dark, for 7 d at 20°C, in a Ϫ0.75 MPa PEG 6000 solution (Michel and Kaufmann, 1973) , then briefly washing to remove adhering PEG, and drying in circulating air at 20°C during 3 d at 32% (v/v) of relative humidity.
Preparation of Total and Water-Soluble Protein Extracts
Total and water-soluble protein extracts were prepared from dry mature seeds, seeds at different stages of germination, and from primed seeds. Total proteins were extracted in the thiourea/urea lysis buffer as described (Harder et al., 1999) containing the protease inhibitor cocktail "complete Mini" from Roche Molecular Biochemicals (Meylan, France): 5,300 units Dnase I, 1,600 units Rnase A, and 0.2% (v/v) Triton X-100. After 10 min at 4°C, 14 mm dithiothreitol was added and the total protein extracts were stirred for 20 min at 4°C. Soluble proteins were extracted in chilled-distilled water.
2-D Electrophoresis
Proteins were first separated by electrophoresis according to charge. Isoelectrofocusing was carried out with 200 g of proteins of the various extracts using gel strips forming an immobilized nonlinear pH gradient from 3 to 10. Strips were rehydrated for 14 h at 22°C with the thiourea/urea lysis buffer as described (Harder et al., 1999) containing 2% (v/v) Triton X-100, 20 mm dithiothreitol, and the protein extracts. Isoelectrofocusing was performed at 22°C in the Multiphor II system (Amersham Pharmacia Biotech, Orsay, France) for 1 h at 300 V and 7 h at 3,500 V. Proteins were then separated according to size. Equilibrated gel strips (Gö rg et al., 1987) were placed on top of vertical 10% (w/v) polyacrylamide gels. A denaturing solution (1% [w/v] low-melting agarose, 0.4% [w/v] SDS, 0.15 m bis-Tris, and 0.1 m HCl) was loaded on gel strips.
After agarose solidification, electrophoresis was performed at 10°C in a buffer (pH 8.0) containing 25 mm Trizma base, 200 mm taurine, and 0.1% (w/v) SDS for 1 h at 35 V and 110 V overnight. Ten gels were run in parallel (Isodalt system from Amersham Pharmacia Biotech). For each condition analyzed, 2-D gels were made in triplicate and from two independent protein extractions.
Protein Staining and Analysis of 2-D Gels
Gels were stained with either silver nitrate as described (Blum et al., 1987) or the GelCode blue stain from Pierce (Rockford, IL), using the Hoefer Automated Gel Stainer apparatus from Amersham Pharmacia Biotech. Silverstained gels were scanned with the Sharp JX-330 scanner equipped with the Labscan version 3.00 from Amersham Pharmacia Biotech. Image analysis was carried out with the ImageMaster 2-D Elite version 3.01 software (Amersham Pharmacia Biotech), according to the instruction booklet from Amersham Pharmacia Biotech. After spot detection and background subtraction (mode: average on boundary), 2-D gels were aligned, matched, and the quantitative determination of the spot volumes was performed (mode: total spot volume normalization). For each analysis, statistical data showed a high level of reproducibility between normalized spot volumes of gels produced in triplicate from the two independent protein extractions. Specific spots were described as showing variations during germination and priming when their volumes were significantly different (at least 2-fold in relative abundance) in the three analyzed silver-stained gels from each extraction. The most abundant proteins were identified by MALDI-TOF analysis.
Protein Identification by Mass Spectrometry
Spots of interest were excised from GelCode-stained 2-D gels. Proteins were characterized after in-gel trypsin cleavage by mass spectrometry and peptide mass fingerprinting, using a Bruker Reflex II MALDI-TOF mass spectrometer (Pappin et al., 1993) . Proteins were identified by searching protein sequence databases (SWISS-PROT, the Protein Identification Resource, and GenPept) using trypticpeptide molecular masses. To denote a protein as unambiguously identified, the following criteria were used: Coverage of the protein by the matching peptides must reach a minimum of 12% and at least four independent peptides should match within a stringent 0.001% maximum deviation of mass accuracy. As much as possible, protein identities were further confirmed from PSD spectra, generated from selected peptides. The searches with the PSD data were carried out using an in-house-developed algorithm, correctly assigning proteins from raw PSD spectra in less than 1 s. Theoretical masses and pI of identified proteins were predicted by sequence entry at http//:www.expasy. ch/tools/peptide-mass.html. Search for sequence homologies was carried out at http//:www.Arabidopsis.org/cgibin/blast/TAIRblast.pl.
